This work analyzes the pore forming mechanism and stability of Upsalite; an extraordinary moisture absorbing, high-surface area magnesium carbonate powder synthesised without the use of surfactants as pore forming agents. The pores in Upsalite were found to be created in a two-step process where the first step includes the formation of micropores by solvent evaporation and release of physically bound carbon dioxide, acting as an in situ pore-forming template. In the second step, the micropores expand to mesopores due to partial decomposition of organic groups on the surface of the pore walls when the material is stored in air at moderate temperatures (70°C). The resulting material has a narrow pore size distribution centered at 5 nm, and the amorphous structure is stable upon storage in a humid atmosphere.
Introduction
Micro-and mesoporous inorganic solids having large internal surface areas and controllable pore size distributions are subjects for extensive research, especially with regard to the many potential applications for this type of materials, e.g. as catalysis and sorption media [1] [2] [3] [4] [5] [6] , in regeneration of bone tissue [7, 8] , as vaccine adjuvants [9, 10] , drug delivery vehicles [11, 12] as well as in cosmetics [13] . Since ordered mesoporous silica entered the scene in the early 1990's, the concept of using surfactants as pore forming templates has been widely used in order to develop a variety of ordered mesoporous materials [14] [15] [16] [17] . Although there are examples in the literature where ordered mesoporous silica has been synthesized without the use of surfactants [18] , the surfactant route is still the most common one. However, while the use of surfactants offers many advantages like the possibility to precisely control the pore size, shape, and connectivity as well as the particle shape it also comes with some disadvantages such as the need for subsequent removal of the organic surfactants after synthesis of the inorganic matrix, which involves the use of either high temperatures or chemicals that add time, costs and increase the environmental burden of the production process. The use of surfactants also rules out the possibility of in situ loading the pores with active agents (i.e. pharmaceutical, cosmetic, agricultural compounds and the likes) during synthesis unless the agent per see is amphiphillic [19, 20] .
Further, in applications like adsorption or catalysis it is desirable to have materials that exhibit a disordered interconnected three dimensional network of uniform pores where the internal volume is more accessible to external components rather than a unidirectional pore system like those often present in ordered mesoporous material synthesized using ordinary template-based methods [4, 21, 22] .
One of the driving forces for the development of new porous material is to increase the pore size to permit the penetration of large molecules into the porous framework [23] [24] [25] . Hence avoiding the use of surfactants in the synthesis and still form a mesoporous materials may be desirable, not only because it maintains the production costs low and has less environmental impact for an up-scaled production process, but also since it offers the possibility of in situ loading of active, non-template forming agents. The latter concept has previously been demonstrated for mesoporous calcium carbonate where the poorly soluble pharmaceutical substance celecoxib was incorporated in situ during material's synthesis with the aim to conserve the amorphous state of the incorporated substance and hence increase the solubility of the same [26] .
We recently reported on the synthesis of a porous and amorphous magnesium carbonate, referred to as Upsalite, with a narrow pore size distribution centered around 3 nm and the largest specific surface area measured for an alkaline earth metal carbonate; $800 m 2 /g [27] . The material was synthesized in a low-temperature process without using surfactants where magnesium oxide and methanol were reacted together with carbon dioxide under pressure. The magnesium carbonate was formed upon decomposition of the reaction product when heat-treated at 70°C, which led to solidification of the material. The moisture sorption of Upsalite was found to be featured by a unique set of properties including an adsorption capacity $50% larger than that of the hygroscopic zeolite-Y at low relative humidities making the material highly interesting in humidity control applications.
In the present work we perform a detailed investigation of the pore formation mechanism and analyze the structural stability of Upsalite. We demonstrate that micropores are formed in the assynthesized material as a consequence of the intermediate products in the synthesis acting as foaming agents releasing carbon dioxide and methanol during decomposition. The evolution of carbon dioxide gas causes swelling of the gel phase before it solidifies and dries, resulting in the formation of micropores. When stored in air at moderate temperatures, these micropores expand into mesopores with a pore width of around 5 nm through partial decomposition of methoxyl and hydroxyl groups still present in the material. The pore size distribution in the finally mesoporous material is narrow compared to other dried magnesium carbonate-based porous gels that exhibit a broader size distribution of pores over the entire mesoporous region [28] .
Experimental section

Materials
Magnesium oxide (MgO, >99%) and methanol (>99.8%), were purchased from Sigma-Aldrich. Carbon dioxide (CO 2 , N48) was purchased from Air Liquid. All reagents were used without further purification.
Synthesis
Upsalite was synthesized as described earlier [27] , but with the exception that the solidification/drying time was reduced from three to two days. Briefly, 8 g magnesium oxide and 120 ml methanol were reacted in a reaction vessel under carbon dioxide pressure with an initial pressure of 3 bar and a temperature of 50°C. After 3 h the heating was turned off and the pressure was lowered. The suspension was left in the reactor until a gel had formed after which the reactor was depressurized and the gel was put in a 70°C furnace to solidify and dry for 2 days. The obtained material was analyzed immediately after the two day drying period (referred to as the as-synthesized material) and also after being stored at 70°C in air for one and three months. After three months of storage, a part of the material was calcined at 300°C under nitrogen gas flow using a 10 h ramp time from room temperature and a 10 h hold time at 300°C (referred to as the calcined material) before analyzed.
Characterization
Nitrogen sorption measurements were carried out at 77 K using an ASAP 2020 from Micromeritics. The samples were degassed at 95°C under vacuum for 10 h prior to analysis with a vacuum set point of 10 lm Hg. The specific surface area (SSA) was determined by applying the Brunauer-Emmet-Teller (BET) equation [29] to the relative pressure range 0.05-0.30 of the adsorption branch of the isotherm. The micropore volume was determined by the Dubinin-Asthakov (D-A) equation [30] in the appropriate pressure region for adsorption into micropores. The BET and D-A calculations were performed with the ASAP 2020 V3.04 software from micromeritics. The pore size distribution was determined using the DFT method carried out with the DFT plus software from micrometrics using the model for nitrogen adsorption at 77 K for slit-shape geometry with no-negative regularization and high smoothing (k = 0.02000). The standard deviation of the DFT fit was between 1.1 cm 3 /g and 2.5 cm 3 /g STP for the recorded isotherms. Thermal decomposition products from Upsalite were characterized with a thermal gravimetric analysis (TGA)/fourier transform infrared spectroscopy (FTIR) coupled instrument for evolved gas analysis (EGA). For this a TGA Q500 instrument coupled to a FTIR Nicolet iS10, both from ThermoScientific, with a TGA/FTIR interface, was used. The temperature of the gas tube between TGA and FTIR was set to 220°C, constant temperature. The analysis was carried out in a nitrogen atmosphere with the sample placed in a platinum cup with a sample size of approximately 17 mg. The sample was heated from 30°C to 700°C with a heating ramp of 10°C/min. X-ray diffraction (XRD) analysis was performed with a Bruker D8 TwinTwin instrument using Cu-K a radiation. Samples were ground and put on a silicon zero background sample holder prior to analysis. The instrument was set to operate at 45 kV and 40 mA. Analyses of the diffractogram were performed using the software EVA V2.0 from Bruker.
FTIR was performed with a Bruker Tensor27 instrument using a platinum ATR diamond cell. A background scan was recorded prior to the measurement and subtracted from the sample spectrum, 100 scans were signal-averaged for each spectrum.
HRTEM images were taken with a JEOL-3010 microscope, operating at 300 kV (Cs 0.6 mm, resolution 1.7 Å). Images were recorded using a CCD camera (model Keen View, SIS analysis, size 1024 Â 1024, pixel size 23.5 Â 23.5 lm) at 30 000-100 000Â magnification using low-dose conditions on as-crushed samples.
The sample stored in air at 70°C for three months was used for the XRD, FTIR, TEM and EGA analyses.
Results and discussion
The synthesis resulted in formation of a white material consisting of centimeter-sized grains with irregular shape, Fig. 1a . In Fig. 1b a TEM image of the Upsalite can be seen, showing dark contrast due to the structure of the material. The XRD pattern of the obtained material was consistent with previously recorded XRD patterns for Upsalite [27] indicating an amorphous nature of the material with traces of residual unreacted magnesium oxide, Fig  2a. No changes in the XRD pattern could be observed for the material after storage at 70°C for three months or after calcination. TGA analysis also confirmed that the MgO content in the material remained unchanged throughout the study and hence proves that no further reaction involving the oxide component occurred after the gel had solidified. The FTIR spectrum of the material, Fig. 2b , exhibited the characteristic absorption bands for the carbonate group at $1440, $1100 and $850 cm À1 [31] . Further, the FTIR spectrum displayed small peaks centered around 2980 cm À1 corresponding to C-H vibrations. These peaks are more distinguishable in the previously presented as-synthesized material [27] indicating that during the three months storage period some of the organic groups have decomposed. The presence of such peaks indicates that some methoxyl groups remain in the samples after synthesis and even after long-term storage in air at moderate temperatures. A weak, broad band centered around 3450 cm À1 is also present in the spectrum stemming from hydroxyl groups [32] likely formed due to adsorption of water on the surface of the material. However, these hydroxyl groups may also be part of the material itself, as indicated by the presence of water above 250°C in the EGA analysis described below. XRD and FTIR analyses of the samples after the different employed storage conditions show that the main chemical composition of the material remains unchanged, and that the material does not crystallize even upon calcination at 300°C. The presence of methoxyl and hydroxyl groups in the uncalcined samples was also evident from the EGA analysis as the decomposition products water and carbon dioxide were detected in a temperature interval from slightly below 100°C up to 250°C, Fig. 3 . These products are formed according to the following reaction [33] :
H 2 was not detected in the analysis due to its IR invisibility. The magnesium carbonate does not decompose below 300°C as evident by the limited evolution of carbon dioxide at lower temperatures, Fig. 3 .
As described earlier [27] , the reaction between magnesium oxide, methanol and carbon dioxide results in the formation of an amorphous magnesium carbonate according to the reaction scheme below. The reaction scheme was discussed in our previously published article where the IR spectra of the first intermediate, Mg(OCH 3 )(OH), was presented. It was further discussed that during the mild temperature and pressure conditions employed for the reaction of Upsalite, a reaction between MgO and CO 2 without the presence of alcohol does not occur.
MgO þ CH 3 OH Mg OCH 3 ð ÞOH ð Þ ð2aÞ 
Mg OCOOCH
The intermediate product Mg(OCOOCH 3 )(OCH 3 ) has earlier been shown to be able to physically bind carbon dioxide [28, 34] , which inevitability expands when leaving the material (in gas form) when the gel solidifies during heating at 70°C in reaction step 2e. At the same time the intermediate product Mg(OCOOCH 3 )(OH), via reaction 2d and 2e, is degraded to methanol and magnesium carbonate. The release of physically bound carbon dioxide from the gel upon solidification was visibly observed as the gel volume increased significantly when the pressure was released and the gel heated. Hence, the release of physically bound carbon dioxide and the evaporation of methanol from the gel most likely constitute the pore-forming processes in the material. However, as will be discussed below, reaction 2e does not reach full completion at 70°C, leaving residual methoxyl and hydroxyl groups in the sample. When these are released upon calcinations, carbon dioxide and water are formed according to reaction 1. Fig. 4a displays the N 2 sorption isotherm for the as-synthesized Upsalite, which exhibits a typical Type 1 shape according to the IUPAC classification and is indicative of a microporous material [35] . The pore size distribution obtained with the DFT method gave two maxima at 1.5 and 2.5 nm, respectively, Fig. 5 . The material is, thus, essentially microporous with marginally smaller pores than the earlier presented material that was allowed to dry one day longer than the presently investigated sample [27] , which is consistent with the observed loss of organic groups from the material. The SSA, pore volume and pore size of the material after the employed storage conditions are summarized in Table 1 .
From the results summarized in Table 1 it is clear that the swelling of the gel due to expanding CO 2 gas and CH 3 OH vapor in the solidification step is an irreversible event that causes formation of pores in the finally solid material. Interestingly, the pores do not collapse during evaporation of the solvent, which otherwise could be expected, especially since an earlier study on the synthesis of porous magnesium carbonate in methanolic suspensions by Kornprobst and Plank showed that supercritical drying is needed to produce a porous material [28] . In their study the intermediate product Mg(OCOOCH 3 )(OCH 3 ) in methanol was hydrolyzed with water (2-fold excess with respect to solid content) in order to form a gel of magnesium carbonate that later was supercritically dried to form a porous material. This material, however, was composed of discrete amorphous nanoparticles assembled into a superstructure with an interparticulate pore network with pore sizes throughout the entire mesoporous range with a maximum around 15 nm. This contrasts largely to the air-dried Upsalite which is not composed of individual particles but rather maintains a continuous gel-like matrix structure [27] with a narrow pore size distribution.
After being stored in air at 70°C for up to three months, a clear shift in pore size distribution for the current material towards the mesoporous size range as compared to the as-synthesized sample was observed, Fig. 5 . This shift was associated with a simultaneous decrease in SSA and an increase in pore volume, Table 1 , explained by a decomposition of methoxyl and hydroxyl groups in the material according to reaction 1 since reaction 2e does not reach immediate completion at 70°C. This is supported by the EGA analysis presented in Fig. 3 , showing that there are organic groups remaining also in the sample stored for three months. Compared with the as-synthesized material two additional months of storage in air at 70°C had only marginal effects on the evolution of the pore-size distribution and no detectable effect on the pore volume, Fig. 5 and Table 1 . This suggests that the material equilibrates after about one month of storage and that higher temperatures are needed to remove the remaining surface groups as supported by the EGA data in Fig. 3 . Calcination of the material led to reduction of the pore volume accompanied with a decrease in surface area and a slight shift of the pore size distribution towards larger pores. The reason for this reduction in pore volume is not clear but it might be due to Ostwald ripening of the pores since the higher temperature increases the mobility of the constituents of the material.
It was earlier verified that the as-synthesized amorphous Upsalite does not crystallize even after at least 11 weeks of storage in an atmosphere saturated with water vapor [27] . However, when the calcined material was subjected to the same storage conditions it crystallized within two weeks to form nesquehonite (Mg(HCO 3 )(OH)Á2H 2 O) as evident from the XRD pattern in Fig. 6 . Yet, the water-induced transformation into nesquehonite was slow and when the material was stored for only two days at 100% RH, virtually all adsorbed water could be removed by subsequent heat-treatment at 250°C, as verified by a comparison of the weight of the dry, and the water saturated and thereafter dried sample. The above findings indicate that the organic surface groups present in the non-calcined material protect the bulk material from water molecules that otherwise may cause crystallization upon prolonged exposure to humidity.
From the presented results it may be concluded that the pores in Upsalite are formed via two mechanisms, illustrated in Fig. 7: 1. First a rapid evolution of expanding carbon dioxide gas occurs together with methanol evaporation during solidification of the gel; the gel is rigid enough during the transition into a solid material to inhibit collapse of the pores. Together these two events form the initially microporous material. 2. Upon storage in air at elevated temperatures below 100°C (70°C specifically studied), a partial decomposition of methoxyl and hydroxyl groups occurs causing augmentation of the micropores accompanied with an increase in total pore volume and decrease in the specific surface area. Calcination of the material at elevated temperatures above 250°C (300°C specifically studied) results in a complete removal of methoxyl and hydroxyl groups and densification and/or pore ripening.
Summary and conclusions
A detailed study of the pore forming mechanism as well as the stability of the high-surface area magnesium carbonate Upsalite has been performed. The pores in Upsalite were found to be formed in a two-step process where the first includes the formation of micropores by the release of expanding physically bound carbon dioxide and solvent evaporation. Storage of the microporous material in air at temperatures below 100°C leads to pore-size augmentation due to partial decomposition of organic groups on the surface of the pore walls. The resulting material has a narrow pore size distribution centered at 5 nm and the stability of the amorphous structure in a humid atmosphere remains. Upon calcination at temperatures above 250°C, the organic groups are completely removed from the material. After this removal the material is able to bind water in its structure which crystallizes into nesquehonite [30] , the divergence for all the values are less than 0.001. Fig. 6 . XRD pattern for the calcined sample stored in a humid atmosphere, the peaks correspond to nesquehonite (MgCO 3 (OH)Á2H 2 O). Fig. 7 . Schematic description of the pore formation mechanism in Upsalite starting from the liquid state (left) from which micropores are formed due to solvent evaporation and CO 2 gas release. The micropores expand into mesopores when stored in air at 70°C due to continual removal of organic groups remaining in the material. Upon calcination at temperatures above 250°C (here 300°C) all the organic groups are removed from the material, as shown in the right hand-side of the illustration.
when stored in a humid atmosphere for a time period longer than one week, prior to that no crystallization occurs. The results presented herein further suggest that it might be possible to control the pore size of the material via moderate heat treatments. Whereas very recent work analyses the dielectric response of water in the studied material [36] , future studies will focus on applications in drug delivery.
